This paper focuses on a technique for predicting surface cracks in hot free forging. These surface cracks occur at the side on which strains concentrate when a round bar is compressed by hot free forging. A final product has hardly any surface cracks because they are removed by gas scarfing. These conventional manufacturing processes have an industrial problem of low productivity with a waste of time. The suppression of the surface cracks is required. The mechanism and criteria for the surface cracks are not clear. In this paper, the mechanism of surface cracking was estimated, compared with the actual forging process. The mechanical property was evaluated by a high temperature tensile test. Various numerical simulations which changed the damage parameter (C value) were carried out. The critical value (C 1 ) is calculated by shape comparison between the tensile test and the numerical simulation. It is possible to predict the surface cracking in the hot forging process by using this parameter.
Introduction
Most material fractures are ductile fractures in forging, rolling and other kinds of metal forming. Koeda et al. (2009) stated that the forming limit is determined by ductile fracture. Ishikawa et al. (2012) reported on the application of a prediction method based on a formula representing the ductile fracture condition, regarding macroscopic cracks that occur on the surface or interior of a material in cold forging. Also, Omori et al. (1984) reported on a situation that was represented by microscopic cracks that occur along austenite particle diameters inside a material regarding hot forging. However, few reports have dealt with relatively large cracks that develop on the surface of a material in hot forging. In this paper, an integral type formula representing the ductile fracture condition, that is used e.g. for the prediction of cracks in cold forging, was applied to hot forging. In addition, the possibility of applying the formula to the prediction of surface cracking was examined. The material for a large integral crankshaft, used e.g. for a ship, is shaped like a flanged round bar. The forging process involves heating a steel ingot to a specified temperature, and depressing it with flat dies attached to a free forging press to shape the ingot to the size specifications of a product. Surface cracks occur at the site on which strains concentrate when a round bar is compressed by hot free forging. A final product has hardly any surface cracks because they are removed by gas scarfing. However, gas scarfing requires extra time and results in productivity loss. Therefore, surface cracks need to be reduced. The proces and limitations on cracking are not clear. Tamura et al. (1997) revealed that this cracking was caused by tensile stress that was generated in the axial direction by a press, based on deformation analysis using FEM. However, even under the same forging conditions, the occurrence of surface cracking may depend on the steel grade. Further, more even with the same steel grade, it may depend on the type of press. Therefore, surface cracking is assumed to be influenced by multiple factors, including draft schedule, reduction, forging temperature, anvil shape, and the properties of steel ingot surface.
In this paper, the mechanism of surface cracking was estimated by studying the actual forging process. Also, regarding the mechanical property for high-temperature tensile testing, a formula representing fracture conditions was introduced for numerical simulation to determine and evaluate the breakage parameter. This parameter was used to study the feasibility of prediction of surface cracking in hot forging. Fig. 1 shows the process to forge a flanged round bar using a free forging. A steel ingot, after being heated to a specified temperature in a furnace is then moved to a press. Forging is started after holding the feeding head side with a manipulator. Generally, a flat die (called a flat anvil) is used to efficiently reduce the cross section and minimize the need to replace the dies. First, the flange is forged, and then the round bar is forged. When forging the round bar, the steel ingot shape is modified to a square shape (rough process). Then, the cross section is reduced through forging to an octagon or a square (this depends on the kind of press) to approximate the cross section to finish the size specifications. In the finishing process, the corners of the octagon are depressed to form a hexadecagon (hexadecagon process). Finally, the material is depressed and rotated repeatedly with a tapping die to form a round section (tapping process). This finishes the forging of the axis. The hexadecagon process is sometimes omitted, as it involves only the modification of an octagon.
Estimation of the mechanism of surface cracking based on an actual process
Cross-section Die shape Firstly, the forging process to form a round bar from a steel ingot was investigated to estimate the mechanism of surface cracking in forging. Specifically, data on forging conditions including the reduction and forging temperature were collected, and the relationship of these data with surface cracking was investigated. The concave parts come appear on the surface depressed by the flat die. The result shows that the occurrence of cracks may start from these concave parts during forging when the initial reduction surface has become free due to the rotation of the material. According to the study of the forging process, the occurrence of cracks is that the reduction ratio was 10 to 15% and the temperature of the material surface was about 800 ºC. Therefore, the mechanical property must be studied to determine the possibility of surface cracking. In this paper, a high-temperature tensile test was carried out. The results of this test were compared with the results of a numerical simulation based on a formula representing fracture conditions, to evaluate the mechanical property based on the damage parameter obtained from numerical simulation. Table 1 shows the chemical compositions of the material. Fig. 2 and Table 2 show the conditions for the hightemperature tensile test. The material was cast in a small vacuum melting furnace, and forged at a forging ratio of 3. It was cut into the shape of a test piece for the high-temperature tensile test. As shown in the figure, the material was heated at 5 ºC/sec to 1230 ºC, and held for 5 minutes. The temperature was decreased at 2 ºC/sec to T (the temperature for the tensile test). As for the tensile test conditions, T and the strain rate were changed to measure elongation and area reduction. Two strain rates were used, and the tensile test temperature was changed according to the strain rate. The strain rate was determined based on data from an actual press. 
Study of mechanical property using a high-temperature tensile test

Material and conditions
Discuss of the numerical simulation method
It is necessary to evaluate cracking through numerical simulation to predict surface cracking. Therefore, it is assumed that a model of fracture in plastic deformation needs to be formulated. Oyane et al. (1980) and Clift et al. (1990) have proposed various fracture models. Basically, these models are based on an assumption that fracture occurs when the energy working on the material in the tensile direction has exceeded a certain value. One difficulty in evaluating fracture during forging is that the stress in forging is in a multi-axial condition. Therefore, the fracture formula must be one representing a multi-axial condition. The formula of Cockcroft and Latham et al. (1968) is the easiest to use; it involves the standardization of stress by dividing the maximum vertical stress by the equivalent stress. In this paper, the formula of Cockcroft and Latham (Eq. (1)) shown below was used: ,
where f is the failure strain, max is the maximum vertical stress, eq is the equivalent stress and C is the damage parameter. The damage parameter C is a function of temperature and strain rate, as well as that of metallographic structure. Introducing the above formula on fracture conditions into FORGE2D (it is general-purpose software for finite element analysis), numerical simulation was carried out using the same shape and conditions (temperature and strain rate) as those for the high-temperature tensile test. Forge2D can define a formula on fracture conditions using a user subroutine, and utilize the remeshing function. Once a parameter critical value is set for the formula, an element is eliminated at remeshing when this value is exceeded. This enables the handling of fracture. The preset mesh size for the fractured area was about 1/10 of the breakage diameter. In numerical simulation, damage value C is determined through accumulation for each element and at each step. On the other hand, damage parameter critical value C 1 is initially determined. Mesh elimination comes into effect only when C exceeds C 1. Therefore, the fracture condition, i.e. the diameter at breakage varies according to the variation of damage parameter critical value C 1. In this paper, value C 1 was identified through numerical simulation with damage parameter critical value C 1 varied. Fig. 3 shows the model used for numerical simulation. This model is intended for an axial symmetry, with a tensile force applied in the horizontal direction. The value obtained from the hightemperature tensile test was used as flow stress. Fig. 4 shows the flow stress used for the numerical simulation. Fig. 5 shows the relationship between the temperature and reduction of area. The results of reduction of area show that reduction of area decreases with decreasing forging temperature and strain rate at the same forging temperature as shown in Fig. 5 . This indicates that the difference in strain rate has a significant influence. These findings are thought to show that depression rate varies with the kind of press, bringing about different results in terms of surface cracking. Numerical simulation results are assumed to point to a behavior similar to that which occurs with an actual forging. The above findings show that it is appropriate to base the numerical simulation of fracture considering mechanical property on the evaluation of reduction of area. Accordingly, damage parameter C in Eq. (1) was varied to determine damage parameter critical value C 1 with which area reduction corresponds with the value shown in Fig. 5 . The possibility of reproducing ductile fracture behaviour through numerical simulation was studied. To that end, numerical simulation was carried out by varying the damage parameter critical value for 
Comparison of result the tensile test with numerical simulation
Strain
Flow stress/MPa 600 and 900 ºC at which different fracture behaviours were observed. The damage parameter that yields a reduction of area corresponding to that obtained from the tensile test was determined from this simulation. The cross sections were compared. Fig. 5 . Relationship between reduction of area and deformation temperature. Fig. 6 shows the cross section of an area close to breakage obtained from the high-temperature tensile test, and the corresponding section obtained from numerical simulation. As shown in the figure, brittle fracture was observed at 600 ºC, and ductile fracture was observed at 900 ºC. Results of numerical simulation show that the section obtained from the high-temperature tensile test was reproduced. This result indicates the applicability of numerical simulation. Fig. 7 shows the relationship between criteria value C 1 of damage parameter and deformation temperature. Surface cracking is assumed to occur when the critical value shown in the figure is exceeded. It is thought that surface cracking in hot forging can be predicted by using this value. 
Confirmation of the mechanism of surface cracking
Numerical simulation was carried out by introducing the formula of Latham & Cockroft on ductile fracture condition to obtain confirmation of the mechanism of surface cracking shown in Fig. 1 . The feasibility of the prediction of surface cracking was evaluated. Forge3D was used for numerical simulation. 2-pass reduction process using a flat dies was simulated by applying a temperature distribution based on actual measurement. The material temperature distribution entailed a surface temperature of 800 ºC and a core temperature of 1000 ºC. Strain rate = 0.05/s Strain rate = 0.005/s 8 shows the contour of the damage parameter in 2-pass forging. As shown in the figure, there is a relative tendency for large damage parameters to be distributed over the depressed side. In particular, large damage parameters are observed in concave parts on the 1-pass. This suggests a relative tendency that surface cracking tends to occur in concave parts. This result corresponds with events actually observed in a forging process. This finding seems to show that the occurrence of surface cracking can be evaluated by applying the formula on ductile fracture condition to hot free forging. However, the damage parameter critical value at 800 ºC is about 1.8, while the maximum damage parameter value shown in Fig. 8 is lower at about 0.4. This fact can be explained as follows: in the case of plastic deformation in a tensile test, minute voids form across a grain boundary or other surfaces in a material due to the influence of transition or local stress. These minute voids grow with the progress of deformation. As a result, the base material section between adjacent voids becomes thin. Koeda et al. (2009) reported that deformation is concentrated on this thinned section, ultimately leading to breakage. On the other hand, breakage was not observed on the surface in the forging process using an actual press. Cracks near the surface layer showed a condition in which adjacent voids grew and nearly joined with each other. This condition is similar to the one described above. The low damage parameter value is assumed to be due to the fact that the above-mentioned mechanism of breakage did not run full course. Also, Koeda et al. (2009) have shown that the damage parameter value in the formula on ductile fracture condition becomes lower with greater grain size. This fact also contributed to the above discrepancy in quantitative terms.
Conclusions
The predictive method of surface cracks is developed in hot forging using high-temperature tensile test and numerical simulation. The obtained results are shown below: (1) As the result of the material tensile test, the material is in the brittleness zone at less than 650 ºC. (2) Based on the result of reduction of area, the damage parameter critical value is determined by used numerical simulation. (3) Using the conditions in which surface cracking occurred in the actual forging process, prediction of surface cracking is possible by the numerical simulation considering the strain rate, temperature and fracture parameters.
